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Summary

The present research program is intended to provide a fundamental understanding of the processes
controlling soot particle formation under conditions applicable to future gas turbine engine operation.
During the current year of the effort, work has emphasized the effects of concentration and temperature on
the formation of soot particles. Through a carefully structured study, the effects of adding a diluent to the
fuel stream of a diffusion flame have been studied. Measurements and modelling efforts have shown that
differences in the initial concentration of fuel are rapidly mitigated by diffusional processes. Consequently,
local concentration variations are reduced between the initial undiluted and diluted flow cases. Furthermore,
local temperature measurements indicate that even under equal adiabatic flame conditions, the local
temperature in the soot forming region can differ by 40K between flames involving nitrogen or argon as the
diluent. These differences in temperature are argued, based on previous work by other researchers, to be a
possible source for the observed effects on soot formation. Additionally, consideration has been given to
residence time effects, largely a result of delays in the onset of soot formation which reduces the effective time
for soot growth. Additional work has emphasized the development of sampling and mass spectrometric
measurement techniques for measurements in particle laden regions. This work has resulted in the

development of a new probe for conducting such measurements.




1.0 Rescarch Objcctives

The primary objective of the present research program is to provide a fundamental understanding of the
processes which control soot particle formation under conditions applicable to future gas turbine engine
operation. The current work extends recent studies in laminar diffusion flames on the effects of fuel
molecular structure and operating pressure. The emphasis in the present studies is to examine the important
gas phase chemistry which is involved in particle inccption and surface growth processes. The inception
region is of particular interest because it has been argued to be controlling with respect to the ultimate
amount of soot formed in the flame. This argument is based on the importance of the initial surface arca
formed during the inception of the primary soot particles. Present theories conflict on the importance of
inception and surface growth in controlling the amount of soot formed during the combustion process. In the
present studices, detailed measurements of both the inception and surface growth phases arc being undertaken
to provide the necessary basis for evaluating the relative importance of these fundamental mechanisms on the
formation of soot particles,

One particular challenge for the present studies is the need to acquire data over a wide range of flame
conditions. Additionally, information on both gas and condensed phase materials are required. Furthermore,
the gas phase measurements must often be obtained in regions where particles are also present. Previous
attempts to obtain spatially resolved species measurements in such situations have typically met with
considerable problems due to particle related probe interferences, for example, clogging of microprobe
orifices. Consequently, a concurrent objective of the present program has been the development of suitable
measurement approaches needed to accomplish the objectives described above,

The current annual report will, thus, focus on two aspects of the previous year’s accomplishments, The
first relates 1o advances in our basic understanding of the processes important in soot formation. The second
aspect will describe advances in the diagnostic capabilities which allow either measurements in two phase
regions of the combustion environment or provide new information regarding our interpretation of

measurements regarding the soot formation process.
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2.0 Research Approach

The approach taken for the present research program is to undertake studies in a well controlled flame
environment in which extensive measurement capabilities can be brought to bear. The flame system selected
for study is a coannular laminar diffusion flame burning in air. This system has been selected for study for
two reasons. First, it is the simplest non-premixed flame configuration which can simulate real combustion
situations where mixing cffects are important. Secondly, the flame configuration has been extensively
investigated in the past in this and other laboratories. Consequently a solid data base exists from which to
develop models as well as to assess the current needs for further research.

Recent studies supported by AFOSR in our laboratory have allowed measurements of several key
properties of these soot forming flames. These measurements include determination of important soot
particle properties such as volume fraction, diameter and number concentration. Complementary
measurements of velocity and temperature have allowed mechanistic investigations of the important processes
controlling soot formation, such as surface growth. Additionally, because of the detail and completeness of
the studics, these measurements have proven of value to flame modelers, as well as to others who are involved
with phenomena related to particles in chemically reacting flows. Examples of the later activities include
developments related to fractal interpretations of light scattering measurements and the formation of titanium
dioxide particles.

During the past year of this program, additional diagnostic capabilities have been developed to provide
information on key soot processes. In particular, mass spectrometric sampling and analysis capabilities have
been developed and applied to laminar diffusion flames. Related to this activity has been the development of
a sonic quartz microprobe for sampling in particle laden flows. These techniques provide new capabilities
needed to measure gas phase species in both the precursor and surface growth regions. In the particle
diagnostic area, scanning and transmission elcctron microscopy has been developed to allow complementary
measurements of primary particle size in soot aggregates. This technique has allowed information to be
obtained in fuel rich regions concerning the possible presence of a liquid phase in the evolution of soot from
large gas phase species to solid carbonaceous particles.

Currently, this extensive diagnostic capability is being applied to four significant aspects of the soot
formation: the role of large aromatics in soot precursor formation, the identification of important surface
growth species in the post inception particle region, the processes controlling the termination of soot particle

growth, and the relative importance of concentration and temperature effects in laminar diffusion flames.




3.0 Rescarch Accomplishments and Status of Work

3.1 Introduction

The accomplishments for the past year of the research program have focused on two major areas: the
development of new diagnostic capabilities and extending our understanding of the relative effects of
concentration and temperature on the soot formation process. The first of these accomplishments is critical
to the pursuit of our objectives for the current year, while second is further refining our understanding
regarding the key processes controlling the amount of soot formed. In the following sections, these key
accomplishments will be described in more detail. The impact on work planned for the current year will then
be addressed in the next section.

3.2 Diagnostic Developments

3.2.1 Sonic Probe Sampling

As mentioned above, the need to determine gas species concentrations in regions containing soot
particles presents serious diagnostic challenges. In general, optical diagnostic techniques can measure only a
limited number of species and in some cases can not be reliably applied in the presence of soot particles.
Sampling probe techniques usually are limited by orifice clogging problems which can only be overcome by
increasing the orifice dimensions at the sacrifice of spatial resolution of the measurements. To overcome the
aforementioned orifice clogging problem, a novel sonic sampling probe has been developed and applied to a
series of laminar diffusion flames containing various amounts of soot. A patent disclosure for this probe has
been submitted and is presently in the evaluation stage regarding potential industrial interest. The details of
the design and operation of this probe were recently presented at the Eastern Section Meeting of the
Combustion Institute (1). A summary of the operation of the sonic probe along with the results of a set of
comparisons obtained to validate its operation is given below.,

The approach employed to prevent clogging of the probe orifice involves mechanically oscillating a wire
through the orifice region using a spring loaded solenoid plunger whose driving circuit is electronicaily
interrupted periodically (see Figure 1). The constant motion of the wire relative to the quartz tube is
responsible for keeping the orifice open. For the present probe, the effective orifice is the annulus formed by
an oscillating 380 pm diameter Nichrome wire of uniform cross section and the 400 pm diameter orifice in
the quartz tube. Therefore, the effective orifice is equivalent to a 125 um circular hole. The wire is soldered
into a 1.59 mm (1/16 inch) tube which is attached to a spring loaded soft iron solenoid plunger. The
solenoid is activated with a 24 volt power supply providing 0.3 amperes current. The solenoid circuit is
interrupted with the aid of a mini relay which is activated by a regular series of 5 volt pulses from a function
generator. When the solenoid circuit is complete, the solenoid retracts the soft iron plunger and
consequently the wire is partially withdrawn, A small portion of the wire still extends beyond the orifice
because a constant effective orifice size is desired. The inward motion of the plunger compresses the spring
behind the plunger. When the mini relay interrupts the solenoid circuit, the compressed spring expands and

returns the plunger and the wire to its original position, Thus, the wire can be made to oscillate through the
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orifice region at the desired frequency. For the present system, an oscillation frequency of 30 Hz has been
selected.

The operation of the probe was tested by sampling from a flame burning a8 mixture of methane (5.6
cm®/s) and 1-butene (1.05 cm3/s) in air (2.75 scfm) where the local soot volume fraction was 4.0 x 10~5,
Previous studics of this flame using a probe with a | mm diameter orifice resulted in clogging within 15
scconds under isokinetic sampling conditions. During initial testing, the pressure downstream of the probe
was monitored as an indicator of clogging problems. The pressure remained constant at 5 torr for a period of
5 minutes indicating the probe did not clog during this time period. By manually blocking the probe orifice,
it was established that should the probe clog, the pressure inside the probe would fall below 1 torr. To
further validate operation of the probe, species measurements with gas chromatography were carried out in
the flame described above. In order 1o use this low pressure sampling probe in conjunction with gas
chromatography, a cylinder piston device (Figure 2) was designed and fabricated to compress the sample from
5 torr to 15 psi. The measurements from this probe were compared with results obtained from a water
cooled stainless steel probe having a 2 mm orifice (which clogs within 5 minutes under isokinetic sampling
conditions). Good agreement (=10%) is obscived between the two probes for measurements obtained along
the centerline from the upper regions of this flame. Figure 3 presents this comparison in a plot of CO mole
fraction versus axial position in the flame. Other species also compare as well (data not shown). This probe
was also compared with a conventional sonic probe (orifice 85 pm) in a relatively soot free methane flame
and again the measurements compared well for the upper regions of the flame. However, some differences
have been observed in the lower parts of the flame where steep concentration gradients are present,

In order to more civsely examine these differences, a pure methane flame (CH,: 5.7 cc/s, Air: 795
cc/s), that was previously studied by Mitchell (2), was selected . Radial particle measurements of the CO
mole fraction at a height of 12 mm were made with three different probes — two conventional sonic probes
and the electromechanical sonic probe (EMS). The probe orifice sizes were estimated by measuring the flow
rate of room air through the probes under choked flow conditions. The EMS probe has the largest orifice
with an equivalent circular diameter of 0.184 mm. The differences between various probe measurements that
were observed in the lower part of the flame are related to the positioning uncertainty of the probe and
differences in the spatial resolutions of each probe. In the lower region of diffusion flames, the species
concentration gradients are steep on the air side of the flame front. Thercfore, in this region uncertainties in
probe positioning and differences in spatial resolutions have to be kept in mind when making comparisons.
The effect of the finite probe orifice diameter results in "broadening” or decreasing the steepness of the
species gradient and will be referred 1o as "gradient broadening”,

Figure 4 compares the radial measurements of CO mole fraction with the three different probes. Since
complete radial protiles across the entire flame were not obtained, some uncertainty in the location of the
centerline of the flame exists, In order to examine the probe orifice effects on gradient broadening, the data

in Figure 4 are shifted slightly to provide an overlap of the region of steepest gradient for cach data set. For
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the region between the centerline and the peak CO mole fraction location, there is no significant difference
between the measurements from the three probes. On the air side of the peak CO mole fraction, the probe
with the smaller orifice gave CO values displaying steeper radial gradients, This is understandable since a
smaller orifice results in better spatial resolution and less gradient broadening,

For the present EMS probe, a nichrome wire is used to keep the orifice of the probe open. Attempts at
using a quartz fiber have not been successful, since this fiber becomes brittle once it is exposed to the flame
and breaks easily. Since the measurements from the probe with the nichrome wire compare well with
measurements using the other probes, this probe has been used to obtain radial profiles of gas phase specics
in the sooty regions of the flames currently under study. Some concerns remain about potential catalytic
effects due to the nichrome wire and must be considered as the EMS probe is used in other environments,

Table 1 indicates the fuel and air flow rates for the profiles studied with the various probes. While
figures 5 and 6 show typical radial profile measurements of N,, CO,, O, and CO in these flames. The
symbols represent actual measurements and the lines through the symbols are extended across the flame
centerling by symmetry. Fuel species measurements and moisture estimates are not plotted. Present efforts
are aimed at applying the EMS probe in conjunction with the quadrapole mass spectrometer system which has
been assembled for studies of the soot precursor and surface growth zones. Initial use of the EMS probe with
the gus chromatographic system has provided a solid analysis technigue for comparisons with the mass
spectrometer results. The availability of complementary measurement capabilities (gas chromatography and
muss spectrometry) provides an increased level of assurance as these techniques arc applied 1~ new flame
environments,

The above discussion summarizes the status and progress achieved regarding development and validation
of the intrusive probe sampling system. Although continucd improvements are anticipated the present system
doces provide the necessary capabilities to obtain the measurements required for the current research program.
Efforts aimed at applying the EMS probe in conjunction with the quadrapole mass spectrometer system which

has been assembled for studics of the soot precursor and surface growth zoncs are presently underway.

Table 1: Fuel and air flow rates (cm3/s) for the overventilated flame studies

FLAME CH, C,Hy, C,Hg AIR
Pure Methane 9.8 - - 1268
Methane/Butane 5.6 1.05 - 1298
Methane/ 1 -Butene 5.6 - - 1.05 1298
Mitchell 5.7 - -— 795

3.2.2 Mass Spectrometric Analysis for Laminar Diffusion Flames Mcasurcments
A quadrupole mass spectrometer system (ms) has been assembled for measurement of gas phase

species in the faminar diffusion flames presently under study. Samples obtained from the flame using an
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appropriate quartz sampling probe, can be analyzed according to their mass number using this instrument.
Similar probing of non-soot containing rcgions of Wolfhard-Parker flames have been previously reported by
Smyth ct al. (3). However, as described above, measurements in particle laden regions have been limited by
probe clogging j roblems. This facility was obtained under support of AFOSR through a DoD University
Research Instrumentation Award.

Studics during the past year have focused on developing our mass spectrometer skills in relatively soot
free flame environments using conventional quartz microprobe approaches. These studics have been used in
conjunction with studics of concentration and temperature effects to be described in the next section. Figures
7 and 8 show species measurement results for two methane flames burning in air. In each flame, the
methane fuel flow rate was 5.7 cm3/s and the nicasurements were obtained for a height 12mm above the lip
of the burner. In order to investigate the effect of fuel concentration and temperature on the soot formation,
dilution of the mcthane flow with nitrogen was employed to vary fuel concentration. Figure 7 shows the
results for an undiluted methane flame while Figure 8 is for a 50% diluted case. Measurements are presented
for a number of combustion products (H,0, CO, and CO) as well as for the fucl and some intermediate
species such as H, and C,H,. Of course C,H, is a species of special interest because of its potential
importance in the soot surface growth process.

From a diagnostic viewpnint, these results demonstrate the capabilities of the present probe/mass
spectrometer system to provide spatially resolved species measurements for the current laminar flame stadies.
Comparisons with measurements obtained with the previously mentioned gas chromatograph system nave
been quite good. This agreement assures that the calibration procedure used with the mass spectrometer
system is providing accurate measurement results, Further discussion of these results, with respect to the fuel
dilution studies, will be addressed in the next section.

Current experiments are incorporating the EMS sonic probe approach into the mass spectrometer system
to allow measurements in soot laden regions. Recent work has also examined the high mass measurement
capabilitics of the system. Masses as high as 178 amu (atomic mass units) have been observed and included
important aromatic hydrocarbons such as acenaphthylene (152 amu). Our studies indicate measurements of
higher mass species appear to be feasible with the use of phase sensitive detection approaches. An
appropriate chopper for the mass spectrometer system is presently being acquired to allow these higher mass
species measurements, Measurements of high mass species have also been attempted using a wavelength
selective optical absorption technique. Although extremely sensitive (five parts in a thousand) absorption
measurements were obtained in the coannular flames, uncertainties in the value of index of refraction of the
carly primary soot particles has made quantitative species measurements not feasible for the large precursor
specics. The presence of soot particles contributes to the overall absorption measurements which must be
subtracted as a background effect in order to determine the contribution from gas phase molecules.
Additionally, the short optical path length available in the coannular flame configuration limits the optical

absorption technique as well. Presently, alternative approaches are being considered, including the use of
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other flame geometrics such as Wolfhard Parker and underventilated coannular diffusion flames in order to
investigate the cvolution of large hydrocarbon species which serve as soot precursors,

3.3 Soot Formation Studics of Fucl Dilution Effects

3.3.1 Background

The formation of soot particles in combustion environments involves a complex series of chemical and
physical processes which control the conversion of fuel carbon to carbonaceous particles. Since soot
formation is well known to be a chemically kinetic limited process, the effects of temperature and
concentration are expected to be important. In the case of concentration effects, it would seem
straightforward to expect a direct proportionality between fuel concentration and soot formation rates.
However, in many situations, mixing and temperature effects can mask the importance of the fuel
concentration variations on the amount of soot formed in the combustion environment.

One means 1o investigate the ¢ffect of fuel concentration is through the introduction of an inert diluent
into the fuel stream. Diluting the fuel stream has been observed (o reduce soot concentration in laminar
diffusion flames (4). This reduction is in part a result of lower flame temperatures achicved in diluted flames
as compared to the undiluted case. These lower temperatures reduce the pyrolysis reaction rates leading to
decreased soot formation rates and conscquently lower soot concentrations. Reducing the fuel concentrations
may have an effcct on soot concentration through a proportional reduction in fuel species concentration in
the soot formation region, i.c, reaction rates are decrcased by lower species concentration. During the past
year, a study of the effect of fuel dilution has been undertaken with the objective of further refining our
understanding of the effects of concentration and temperature. As part of this study the effects of other
parameters such as residence time have also been considered in the analysis.

Although reduction in soot through inert addition has been observed by numerous researchers, only a few
studies exist which investigate the relative roles of fuel concentration and flame temperature. Previous studies
of laminar diffusion flames have employed dilution as a means to study temperature effects on soot formation
(5,6). In these cases the effects of dilution were argued to be small relative to the temperature reduction
contribution, Kent obscrved that soot concentrations in diluted flames are reduced by an amount that can
not be explainced by the reduction in flame temperature alone (7). Axelbaum and Law addressed this issue in
a scries of experiments in counterflow flames (8,9). The important conclusion from these studies is that soot
formation rates depend linearly on the initial fuel concentration. Axelbaum and Law recently extended their
dilution studics to include coflow diffusion flames (10). They report a dilution effect for coflow flames that is
consistent with the counterflow flame results; that is, the maximum soot volume fraction increases linearly
with respect to the fuel concentration at the burner exit. These results imply that the role of temperature in
soot formation, commonly believed to the governing parameter of soot formation rates, is in some situations
less important than fuel concentration,

3.3.2 Experimental Sctup and Operating Conditions

Investigating the role of temperature and concentration on soot formation requires a careful selection of

13.




the experimental approach. Following a method similar to the approach of Axelbaum and Law (10), dilution
is studicd through a scries of flames at identical calculated adiabatic flame temperatures, but which have
different inidal fucl concentrations. The difference in heat capacities of Argon and Nitrogen permit
comparison of flames with identical temperatures, but d.fferent dilutions. Therefore, the effect of
concentration is systematically isolated from temperature. Similarly, flame conditions can be sclected with
identical dilutions, e.g. 50% N, and 50% Ar, but diffcrent temperatures, thus, isolating the effect of
temperature on soot formation. Desired flame conditions are calculated with the NASA Chemical
Equilibrium Code (11) based on the assumption that the temperatures in the formation region of laminar
diffusion flames scale with calculated adiabatic temperatures.

An atmospheric coannular burner was used to study laminar diffusion flames burning ethene or propane.
A laser scattering/extinction system was used to obtain data on the soot particle ficld in these flames. The
burner and light scattering apparatus has been previously described in the literature (12) and will be only
bricfly described. The coannular burner consists of an inner brass fuel tube (1.1 cm id) surrounded by an
outer tube (10.0 cm id) for the air flow. The fuel or fuel inert mixture is burned in a highly over-ventilated
air flow, minimizing the effect of airflow rate (13). Fuel flow rates are monitored on rotameters, while air
flow rates are determined with a mass flow meter. Fucl gases had a stated purity of 99.5% and 99.0% for
cthene and propane, respectively. Air was supplied from an in-house compressor which was filtered to
remove particles and moisture, The air flow rates for the flames studied was 2.25 SCFM. Table 2 summarizes
the flow conditions, which span a range of flow rates, dilutions, and temperatures,

The laser light extinction/scattering apparatus used @ 4W argon ion laser operating at the 514.5 nm laser
line. The laser source was modulated using a mechanical chopper operating at 1 kHz to allow for synchronous
detection of the transmitted light signals, The laser beam is focused into the burner using a 40 cm focal
length lens. The laser was typically opcrated with an output power of 0.5W. The transmitted light was
detected using a silicon photodiode with the output of the detector input to a two phase lock-in amplifier
which was interfaced to an IBM-XT computer. Laser light scattering measurcments at a scattering angle of
90° with respect to the incident beam could also be obtained with this system. However, in the present
cxperiments such measurements were only used for comparisons with previous studics. Since these
measurement are not used in the present results, this part of the system will not be described in detail.

The entire atmospheric burner was mounted on a three-dimensional translating stage system. Computer
controlled stepper motors were used to adjust the vertical and one of the horizontal coordinates. This
allowed radial profiles of the laser extinction to be achieved at various axial positions in the flame.

Experiments at elevated pressures provide an alternative method for investigating fucl concentration
effects on soot formation, The fuel and oxidation partial pressures are linearly related to the ambient pressure
inside the vessel. Thus, increasing the pressure inside the vessel from 0.1 t0 0.2 MPa (1 to 2 atmospheres)
effectively doubles the molar concentration. A separate high pressure diffusion flame facility is composed of a

pressure vessel, coannular burner, two-dimensional translating system, and gas mctering apparatus. The




Table 2

Fucl Dilution Studies: Flow rate conditions, calculate flame temperatures and maximum
integrated soot volume fraction results

Flame # Fuel (Q) Dilucnt Xkuel T4 (K) F,/c(A,m) Percent
(cm3/s) Change
1 C,H, (2.75) N, 0.50 2310 0.0244 46.7
2 C,H, (2.75) Ar 0.37 2310 0.0155 29.6
3 C,H, (4.90) N, 0.50 2310 0.0429 51.8
4 C,H, (4.90) Ar 0.37 2310 0.0312 37.7
5 C,H, (4.90) N, 0.74 2346 0.0722 87.2
6 C,H, (4.90) Ar 0.64 2346 0.0672 81.2
7 C,H, (4.90) N, 0.64 2333 0.0602 72.7
8 C,H, (4.90) Ar 0.52 2333 0.0556 67.2
9 C,H, (6.58) N, 0.64 2333 0.0781 74.5
10 C,H, (6.58) Ar 0.52 2333 0.0660 63.0
11 C,H, (2.75) - 1.00 2369 0.0522 100.0
12 C,H, (4.90) - 1.00 2369 0.0828 100.0
13 C,H, (6.58) - 1.00 2369 0.1047 100.0
14 C;Hg (2.56) N, 0.61 2240 0.0392 79.8
15 C;Hg (2.56) Ar 0.50 2240 0.0362 73.7
16 C,Hg (2.56) - 1.00 2266 0.0491 100.0
High Pressure Flame Studies
Experiment | Fuel (Q) Dilvent Pressure Xfuel T4 F,/c(x,m)
# (cm3/s) (atm) (K)
17 C,H, (3.85) - 1 1.00 23695 0.0767
18 C,H, (3.85) Ar 2 0.50 2351 0.0959
19 C,Hg (2.56) -- 1 1.00 2260 0.0490
20 C,H, (2.56) Ar 2 0.50 2258 0.0780

Pereent Change = (F_/«(A,m)/(F,/c(A,m))

pure




pressure vessel consists of two sections of pipe. The lower section which is 20.32 cm (8 inches) in diameter,
provides room for the vertical translation system as wel} as access for fuel and electrical lines. The upper
section, which is 15.24 cm (6 inches) in diameter and 76.20 cm (30 inches) in length provides optical access
for scattering and extinction via four 5.08 c¢m (2 inch) diameter, 1.27 cm (0.5 inch) thick windows. Vertical
burner translation is provided by a stepper motor mounted inside the pressure vessel, while horizontal motion
is provided by a stepper motor/ball bearing translating stage combination mounted externally. The burner
consists of two concentric tubes of the same diameter as used in the atmospheric burner, however, the inner
fucl tube is made of stainless steel. This degree of similarity between the atmospheric burner and high
pressure flame facility allow comparisons between the two systems. Mass flow meters and controllers were
uscd to maintain the gas flow rate constant independent of the operating pressure.

Rapid inscrtion thermocouple measurements provide measurements of the temperature distributions in
the flames studied. The rapid insertion thermocouple technique avoids continuous coating with soot by
burning off soot formed on the thermocouple surface in the oxidation zone of the flame. Pt/Pt-10% Rh fine
wire thermocouples were made from 125 pm diameter wire, The resulting bead diameter was typically 160
pm. The uncoated thermocouples are mounted on a stepper motor stage for quick positioning. This
technique provides accurate measurements of relative changes in the temperature as diluent species and
concentrations are varied.

3.3.3 Analysis

In the present study, the quantity of interest is the change in soot volume fraction, f,, resuiting from
dilution of the fucl. In previous studies of laminar diffusion flames, tomographic reconstruction approaches
have proved uscful in providing spatially resolved measurements of f from line-of-sight extinction
measurements, In the present case, however, the errors associated with the tomographic reconstruction
approach detract from its usefulness since small variations in the f, need to be measured.

An alternate approach is to relate the extinc'ion measurement to an appropriate spatial integral of the
soot volume fraction. For soot particles in the Rayleigh size limit (d/A <<1) the extinction (I/1 ) is related

to fv as:

[, dx=-c(Amln Il )

o

where x is the direction along which the laser beam propagates, ¢ (1,m) is a constant determined from
Rayleigh theory and x is the path length through the flame. A measure of the total integrated soot volume
fraction, F,, can be obtained by integrating equating (1) along the direction perpendicular to x. This
integrated volume fraction is a measure of the total amount of soot at a particular axial location and is given

by
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F,=-["c(imln Il dy )

v -
[4
where y is the direction perpendicular to x and ¢(Am) is a constant. The integrated volume fraction, F,, has
been selected because it incorporates any changes in flame diameter as the flow rate is varied.
3.3.4 Results

These studies address four aspects of the influence of inert additives on the reduction in soot formation:
1) the relation between the degree of dilution and soot reduction; 2) fuel flow rate effects; 3) potential fuel
structure effects and 4) results at elevated pressure providing an alternate means of examining the role of
concentration on the soot formation process. Using the information from these experiments, the relative
influence of fuel concentration and temperature are considered for coflowing laminar diffusion flames,

The approach used to determine the relation between the degree of dilution (i.e. fuel concentration) on
soot formation involved comparing argon and nitrogen diluted flames having the same calculated temperature.
Since argon and nitrogen have different molar heat capacitics, the initial fuel concentration of these flames
must be different if the temperature is to be maintained constant, To ensure that the differences in soot
formation rates in these flames of equal temperature are a result of differences in fuel concentration and not
temperature, the temperature field was determined from rapid insertion thermocouple measurements, In
addition, these measurements allowed a determination of whether calculated adiabatic temperatures may be
used to represent the changes in temperature expected with dilution. This may not be self evident since
calculated adiabatic temperatures are based on the fuel/diluent mixture being supplied to the burner and not
the local concentration of the flames,

Thermocouple measurements were made in 4.90 cm3/s ethene flames (see Table 2) for fuel/dilutent flow
conditions that correspond to calculated temperatures of 2369K (flame 12), 2346K (flames 5 and 6) and
2333K (flames 7 and §). The two lower temperature conditions were established individually for nitrogen
(flames 5 and 7) and argon (flames 6 and 8) diluents. Uncorrected measured temperatures are shown in
Figure 9 for an undiluted and diluted flame (flames 12 and 7) and indicate that the adiabatic flame
temperature is not achicved. This observation is a result of two factors. First, the thermocouple
measurements were not corrected for radiative losses. Second, temperatures in sooting flames are lower than
calculated adiabatic values because of radiation losses from the soot particles as well as effects of conduction
and finite chemistry (14). The radial temperature profiles of flames 12 and 7, shown in Figure 9 as a
function of axial position, reveal a trend expected in the temperature. At axial heights less than 50mm,
temperatures are reduced in the diluted flame, while above 50mm, the diluted flame has a higher
temperature. The explanation for this observation lics in the fact that more soot is being formed in the
initially hotter undiluted flame, increasing radiative losses, thus cooling the flame to a greater extent (6,7).

Carcful inspection of the temperature profiles reveals that low in the flame, dilution reduces

temperatures at the centerline to a greater extent than in the annular region (14). This difference in the
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effect of the diluent as a function of position is related to the diffusional nature of these flames. For both the
N, and Ar diluent cascs, N, from the air stream is diffusing towards the centerline while the "fucl” (diluted or
undiluted) diffuses towards the flame front. This interdiffusional aspect of the flame tends to mitigate the
initial fuel concentration differences resulting from the addition of the diluent species. This point will be
discussed in detail later.

In the annular region, low in the flame (Smm axial location), the measured temperature diffcrences are
similar to the differences in calculated adiabatic flame temperatures (see Figure 10). Flames in which diluent
conditions are chosen to match the temperature show temperatures which differ by less than 10K in the
region near the temperature maximum. As the centerline is approached from the maximum temperature
location, differences between the N, and Ar diluted flames for identical calculated adiabatic flame conditions
increase with the N, diluted flames having slightly higher temperatures. In the region where soot is formed
this difference can be as large as 40 to 60K. Positioning uncertainty with respect to the thermocouple
measurement location is not believed to be the source for these observed differences, since both the centerline
minimum and the symmetric temperature maximums in the annulus show good positional agreement for each
of the flames (see Figure 10). These observations underscore the need to consider the local temperature and
concentration, as well as the overall expected behavior of the flame in assessing the effects of fuel dilution.

One of the goals of this investigation is to determine the variation in soot formation rates with the initial
fucl concentration. This is most easily achieved by comparing the soot yicld in flames of similar temperatures
but different dilutions. A study of the soot formation in a set of three pairs of flames, each pair at a different
temperature, is intended to address this issue. The variation in the integrated soot volume fraction, F,, at
various axial locations is shown in Figures 11 and 12 for each of the ethene flames with a flow rate of 4.90
cm’/s. It is interesting to note that, although addition of diluent increases the burner exit velocities, the
height at which the peak volume fraction is reached is nearly constant in these flames with possibly the
exception of flame 4 which has the highest dilution. The height at which the soot maximum is reached is
determined by the Jocation at which oxidizer replaces the fuel at the centerline of the flame (15). Thus, the
rate of diffusion of oxidizer into the flame front is only weakly dependent on the amount of fuel dilution.

The peak integrated soot volume fraction is used as a readily determined measure of the sooting
propensity of these flames. The reduction in soot formed, shown in Table 2, is calculated from the peak F,
values. In this comparison, the reduction in soot may be due to both temperature and/or concentration. Pcak
soot concentration ratios show that reducing fuel concentration and temperature reduces the amount of soot
formed. The flames which show the largest relative reduction in soot (flames 3 and 4), the most diluted
flames, show a dependence on the soot formation rate which is directly proportional to the fuel concentration.
This implics soot formation rates vary with concentration in less than a 1 to 1 linear manncr, since the
temperature reduction cffect on soot formation has not been taken into account.

In order to quantify the effect of fucl concentration on the soot formation rates, the integrated soot
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volume fraction, F,, was taken to be related to the initial fuel concentration by:

F, a [Fuel]® 3)

From the measured differcnces in F, for the argon and nitrogen cases, a value for b can be obtained and is
shown in Table 3 along with the pertinent parameters for each case. It should be noted that the value of b is
determined for flames having the same calculated adiabatic temperature and f. -ther assumes that F, is directly
proportional to initial fuel concentration. A review of the values for b listed in Table 3 shows that b varies
from approximately 0.4 to 1.5. No systematic variation in b is observed with respect to fuel flow rate. These
results can be viewed to be similar to the earlier results of Axelbaum and Law (8-10) who have argued that
concentration effects can be of more significance than temperature effects for fuel dilution studies of laminar
diffusion flame systems. However, the deviation of b from unity indicates that the dependence on initial fuel

concentration could also be complicated by diffusion and residence time effects.

Table 3

Comparison of Fuel Concentration Effect for Flames at Similar Calculated
Adiabatic Flame Temperatures

Fuel Fuel Tao AX* AF,/C(A,m) b**
Flow Rate =) % %o
(cm’fs)
CH, 2.75 AN 26 36 1.5
C.H, 49 2310 26 27 1.06
CH, 49 2346 13.5 6.9 0.36
C,H, 4.9 2333 18.8 7.6 0.38
C,H, 6.58 2333 18.8 15.5 0.81
C,H, 2.56 2240 18.0 7.7 0.4

*  AXg is bascd on comparison of Ar and N, diluted flames at same calculated temperature.

** b is based on assuming (AF,/c()\,m) is proportional (X;)".

To further examine the effects of fuel dilution, two additional studics were conducted. A scrics of flames
in which a mixture of ethene and toluene were burned in air for different dilution levels was studied. For
these studies, the fucl flow rate was held constaat at 3.85 and 0.3 cm’/s for ethene and toluene, respectively,
while the nitrogen diluent flow ratcs of 0, 2.1 and 8.4 cm’/s were used. The results of these studics are shown

in Table 4. Again the change in concentration is observed to be significantly greater than the observed




variation in soot as measured by AF,. For these toluene studies, the temperature was not held constant and,

thus, the observed reduction in soot is due to both temperature and concentration effects,

Table 4

Comparison of Ethecne/Toluene Diffusion Flames and High Pressure
Ethcne and Propane Flames

Fuel Fuel Tap AXp* AF,
Flow Rate (K)
(cm®/s)
C,H,/C,Hg/N, 3.85/0.3/0 2362 - -
C,H,/C,Hg/N, 3.85/0.3/2.1 2333 33.6% 11.9%
C,H,/C;Hy/N, 3.85/0.3/8.4 2248 67% 56.6%
Fuel Fuel Tap P Xp F,/c(A,m) .
Flow Rate (K) (atm)
(cm®/s)
C,H, 3.85 2369 1 1.0 0.076
C,H, 3.85 2351 2 0.5 0.0959
C,Hg 2.56 2260 1 1.0 0.0490
C,Hy 2.56 2258 2 0.5 0.0780
Ratio Ratio
(F,/c(x,m)) . Xp
C,H, 1.26 5
C,H, 1.59 5

An alternative method of studying the effect of molecular concentration on growth rate is to alter the

concentrations by changing the ambient pressure. The advantage of this approach is to establish a set of

flame conditions with a large variation in fuel concentration and only a small temperature variation (AT < 15

K). On the other hand, pressure may influence soot formation by other means in addition to concentration

modification. Ethene and propane flames at two atmospheres were diluted with argon to an initial molar




fraction of 50%. Since increasing the pressure from one to two atmospheres doubles the concentration of
fuel specics, the diluted two sumospliere flames have initial fuel concentrations equal to their pure, one
atmosphere counterparts. Before making quantitative comparisons between the 1 and 2 atmosphere flames,
photographs were taken showing minimal variations in flame size, The peak soot concentrations expressed as
F,/¢(X,m) in the | and 2 atmosphere ethene flames are 0.076 and 0.096 respectively (see Table 4). In the
case of propane, nearly twice as much soot was produced at two atmospheres as compared to one atmosphere
(0.049 vs. 0.078). Although the combination of dilution and increased pressure resulted in identical initial
fuel concentrations in each flame, the amounts of soot formed increased. Thus, similar to the atmospheric
studies, the soot formation process showed a less than first order dependence on concentration when dilution
is used to modify the initial concentration conditions.

3.3.5 Discussion

From the above results, it is clear that fuel dilution studies of soot formation can not be interpreted as
simple mechanisms involving well controlled overall variations in temperature and concentration. Rather, as
with all practical combustion environments, effects of mixing and residence time may be important to
consider. In particular, it is important to ascertain how the local concentration and temperature are affected.

The first consideration to be addressed relates to the effects of mixing and asks how diffusion mitigates
the effects of the dilution of the fuel. Clearly, when a diluent is introduced, a well defined concentration
exists at the fuel tube exits. However, diffusion of species, such as nitrogen from the air flow and combustion
products from the reaction zone, begin to alter the concentration. Furthermore, it seems reasonable that the
effects of concentration would be most important in the region where soot is formed. To address this
question, two activities have been undertaken. The first involves the use of a laminar diffusion flame code by
Mitchell et al. (2) to investigate the variation of fuel concentration as a function of position in the flame,
while the sccond involves comparisons with measurements of species profiles in diluted and undiluted flames.

Turning first to the modeling results, Figure 13 shows calculation corresponding to four of the ethene/air
flames studied (a) Flames 11 and 1, b) Flames 13 and 9). In this figure, the fuel mole fraction as a function
of height along the flame center line is shown. In each case, undiluted or diluted, the fuel mole fractions
quickly obtain similar values at axial locations between 10 to 30 mm above the burner exit depending on the
fuel flow rate. This effect is a result of the rapid diffusion of nitrogen from the air to the fuel region
mitigating the initial dilution. Consequently, all laminar diffusion flames burning in air undergo "dilution” by
nitrogen, rapidly reducing the local fuel concentration,

These results are further examined in Figures 14-16 where radial profiles are presented for Flames 11
and } at three axial locations (0.3 mm, 2.7 mm and 14.5 mm). Table 5 shows results tabulated for other fuel
flow rates at the same axial locations for selected radial positions (4.63 mm and the center line). It is
important to note that soot formation is initiatcd well away from the center line of the flame. Previous
results show soot is first observed at a radial location about 5 mm from the center line at an axial location

between 3 and 5 mm above the burner for flow conditions typical of the present experiments (12).
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Figure 16. Comparison of the profile of fucl mole fraction as a function of radial position for a diluted and
undiluted flame. (axial location - 14.5mm)
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Comparisons shown in Table 5 indicate that, in the region where soot is first formed, the local concentration
ratio between the diluted and undiluted flame is typically between 0.7 and 0.85. Additionally, the effect of
dilution is slightly more pronounced for the lower volumetric fuel flow rate case. Atz = 2.7 mm and R =
4.63 mm, the concentration ratio is 0.76 for the 2.75 cm3/s case as compared to .85 for the 6.58 cm3/s

flame.

Table 5

Mitchell Flame Comparisons for Ethene Diffusion Flames

R Z Xp (Pure) Xp (50%) Xp (50%)/ Fuel
{(mm) {mm) X (Pure) Flow Rate
(cm®/s)
4.63 0.3 .4824 .3508 27 6.85
" 2.7 2561 2175 .849 b
c.l* 14.5 5042 .4008 795 "
4.63 0.3 4104 .3040 .740 4.9
4.63 2.7 2068 1702 823 49
cl* 14.5 .3833 3298 .860 49
4.63 0.3 .2583 220 7375 2.75
4.63 2.7 JA315 .1005 7642 2.75
c.l* 14.5 2150 .1889 8785 2.75

* centerline

From the above results, the effects of dilution of the fuel flow would be expected to be more acute for
low fuel flow rate cascs and to vary in a smaller than first order manner. Both of these effects are observed
in the present experiments (sce Table 2).

In order to examine the correspondence of the above modeling results 10 actual measurements, consider
the mass spectrometer measurements presented in Figures 7 and 8 for undiluted and diluted methane flames.
These measurcments which were obtained at an axial location 12 mm above the burner exit show very similar
mole fraction values for CO,, O,, CH,, H,O and C,H, except in the region ncar the center linc away from
where soot is formed. Some differences can be observed for CO and major changes in H, arc observed.
With the exception of H,, all the specics profiles show results in agreement with the trends discussed above
based on the model calculations.

From these results, one can conclude that the local concentration of fuel and combustion products will
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quickly achiceve similar values in both diluted and undiluted flames. Furthermore, concentration effects,
bascd on initial values at the fuel tube exit, will not reflect the true concentration effects. In addition to
these observations, the temperature measurements indicate that dilution does not effect the temperature
through the flame in a universal manner. Local temperature variations can be observed in regions where the
peak temperatures show good agreement in terms of achieving equivalent "adiabatic” temperature conditions.
These local temperature differences, as will be seen shortly, could be responsible for significant variations in
the amount of soot formed.

The experimental and modeling results described above have shown that the ratio of the local
concentration values in diluted and undiluted flames can be expected to differ significantly from the initial
values at the fuel tube exit. 1In fact, at sufficiently large distances from the burner exit both the diluted and
undifuted flames show similar mole fractions for major species. This raises a question regarding what
mechanism can be responsible for the variation in soot formation observed for these dilution studies. Two
additional etfects of particular intcrest are the temperature and residence time.

Previous work by Kent and Wagner (7) and Bohm et al. (16) indicate that temperature changes of 50K
in diffusion or premixed flames can result in a factor of two change in the maximum soot volume fractions
observed. In the present flames, comparative differences of approximately 40K are observed in the sooting
forming region of the N, and Ar diluted flames. The lower temperatures are obscrved for the Ar diluted case
which exhibit the lower soot formation rates. Conscquently, temperature effects could be more pronounced
than originally anticipated for flames which have equal adiabatic flame temperatures. These results, again,
point 1o the need for local measurements to properly examine effects based on overall variations of the initial
conditions of the diffusion flame.

Residence time effects have also been shown to be important in diffusion flame studies of soot formation
(17,18). In fact, a squared or cubed power dependence on the residence time has been observed (18). Thus,
changes in the velocity which result from addition of the dilutent species could affect the residence time and
the soot formation rate as a result. However, the major observed effect of dilution with respect to residence
time is a shift of the location where soot is first observed to higher axial positions. Since the location of the
maximum soot volume fraction is largely unaffected by dilution, the total soot residence time is reduced.
Note the shift in the location of the initial soot formation region could be a result of temperature, velocity
and/or concentration effects. Our preliminary evaluation of this effect estimates that between 5 10 20% of
the reduction in soui could be a result of the variation in residence time during which soot growth can occur,
These studics will be refined in the near future to better characterize the onset location of soot formation as a
function of dilution, since this has proved to be a point of some interest.

3.3.6 _Conclusions

The present study of the effects of fuel dilution on soot formation in laminar diffusion flames indicates a
number of important cffects are present, The lower soot formation rate observed is due to a combination of

concentration, temperature and residence time effects. Based on local measurements of the temperature
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variations in the soot forming regions of the flame, along with previous measurements of the sensitivity of the
soot formation process to temperature variation, we argue that temperature is still the most important effect.
Our measurements and modeling show that concentration effects are mitigated by diffusional processes
associated with the diffusion flame structure. In particular, diffusion of nitrogen from the surrounding air
quickly results in similar concentration ficlds for both diluted and undiluted flames. Furthermore, dilution
appear to increase the time for soot particle inception to occur, resulting in a decreased residence time for
soot growth, This effect can only account for between 5 and 20% of the observed change in soot formation,
but in conjunction with other effects should be taken into account.

Our studies indicate that concentration effects can be responsible for some fraction of the observed
variation in soot formation as diluent is added. These effects are most important in the soot inception region
and appear to decrease in importance as residence time and sooting propensity increase. Additionally, the
present studies point to the usefulness of detailed studies to investigate fundamental mechanisms involving

soot formation as opposed to global studics.
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4.0 Future Work

During the next year of the rescarch cffort, emphasis will be given to applying the EMS probe and mass
spectrometer system to measurem:.ts in the particle inception and particle growth region. In the particle
inception region, measurements of high mass species will be of particular interest and attempts to link these
measurements to earlicr fluorescence studies of the particle inception process will be pursued. In the surface
growth region, acetylene measurements are of most interest, since this species is often argued to be the key
surface growth recactant.

Efforts will also continue in the study of high pressure flames where they complement present studies as
demonstrated in the previous section. Work on extending some of the previous high pressure flame studies of
alkane fuels to ten atmospheres i< planned to complete the comparison between the alkene and alkane fuels.
These high pressure flame studies have not been pursued during the past year because of the emphasis given
to the concentration studies. Finally, efforts to provide a review article on soot formation processes will be
undertaken, Recent work from this laboratory as well as others warrant that a new review of the field be

provided.
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